We measure the fraction of galaxy-galaxy mergers in two clusters at z ∼ 2 using imaging and grism observations from the Hubble Space Telescope. The two galaxy cluster candidates were originally identified as overdensities of objects using deep mid-infrared imaging and observations from the Spitzer Space Telescope, and were subsequently followed up with HST/WFC3 imaging and grism observations. We identify galaxy-galaxy merger candidates using high resolution imaging with the WFC3 in the F105W, F125W, and F160W bands. Coarse redshifts for the same objects are obtained with grism observations in G102 for the z ∼ 1.6 cluster (IRC0222A) and G141 for the z ∼ 2 cluster (IRC0222B). Using visual classifications as well as a variety of selection techniques, we measure merger fractions of 11 +8.2 −3.2 in IRC0222A and 18 +7.8 −4.5 in IRC0222B. In comparison, we measure a merger fraction of 5.0 +1.1 −0.8 % for field galaxies at z ∼ 2. Our study indicates that the galaxy-galaxy merger fraction in clusters at z ∼ 2 is enhanced compared the field population, but note that more cluster measurements at this epoch are needed to confirm our findings.
INTRODUCTION
Our current model of galaxy formation is based on hierarchical merging where numerous small structures merge to form progressively larger systems (Peebles 1970) . Observational evidence of major and minor merging at all epochs (Conselice et al. 2009; Lotz et al. 2008; Bundy et al. 2009; de Ravel et al. 2009; Lopez-Sanjuan et al. 2009; Williams et al. 2011; Ryan, Jr. et al. 2008; Man et al. 2012 Man et al. , 2016 confirms the importance of merging throughout cosmic time, especially at earlier epochs (Kauffmann 1996; Baugh et al. 1996) . In this picture of hierarchical formation, massive galaxies that dominate clusters also should continue to grow through accretion of satellite galaxies. However, whether the galaxy merger fraction in clusters is enhanced or diminished relative to the field remains debated (Lotz et al. 2013; Delahaye et al. 2017; Tran et al. 2005 Tran et al. , 2008 van Dokkum et al. 1999; McIntosh et al. 2008) Galaxy clusters in the local Universe contain hundreds to thousands of galaxies (Zwicky 1957; Omer Jr. et al. 1965) , however mergers in local clusters are rare. Thus the ideal epoch for determining whether galaxy-galaxy merging is enhanced relative to the field is to study clusters early in their formation at z > 1 when the clusters are dynamically young and the relative velocities are comparable to the galaxies' internal velocities. We can then determine how galaxies interact with each other and their environment, and how these interactions affect their physical properties including star formation rates, sizes, and morphologies (Brodwin et al. 2013; Papovich et al. 2012; Tran et al. 2010; Lotz et al. 2013; Delahaye et al. 2017) . However, identifying clusters at z > 1 is challenging given increasing contamination by field galaxies along the line of sight and the rarity of clusters with increasing redshift.
N-body and hydrodynamical simulations of galaxy mergers predict an increase in the merger rate of field galaxies as a function of increasing redshift (RodriguezGomez et al. 2015; Fakhouri & Ma 2008) . However, recent observational surveys find that the galaxy merger arXiv:1902.07225v1 [astro-ph.GA] 19 Feb 2019 fraction appears constant, or even decreases, at z 1 (Williams et al. 2011; Ryan, Jr. et al. 2008; Man et al. 2012 Man et al. , 2016 . Whether the merger fraction in galaxy clusters also increases with redshift is unclear (Delahaye et al. 2017; Lotz et al. 2013; Lidman et al. 2013) . Studies find evidence of mass growth through merging of red, luminous galaxies in groups and clusters up to z ∼ 1 (Tran et al. 2005; van Dokkum et al. 1999; McIntosh et al. 2008) , but measurements of the galaxy merger fraction in clusters at z > 1 is limited.
Studies that have investigated the merger rate within cluster environments in comparison to a field population often present findings that are in disagreement with each other. Lotz et al. (2013) and Coogan et al. (2018) found merger rates ∼ 3−10 times higher than the field within a z = 1.62 protocluster and z = 1.99 cluster, respectively and Hine et al. (2016) found a 60% enhancement of the merger rate in a z = 3.1 proto-cluster compared to the field. However, Delahaye et al. (2017) sees no evidence of an increased merger fraction in comparison to the field for four clusters at 1.59 < z < 1.71.
Note each study uses different methods for identifying galaxy mergers that include close pair, morphological, flux ratio, or stellar mass ratio selection. There are also differences in the use of either photometric (LopezSanjuan et al. 2009; Man et al. 2012 Man et al. , 2016 Conselice et al. 2009; Williams et al. 2011) or spectroscopic redshifts (Tran et al. 2008; de Ravel et al. 2009 ), or some either/or combination (Lotz et al. 2008 (Lotz et al. , 2013 Bundy et al. 2009; Delahaye et al. 2017) in the selection of galaxy mergers. The differences in the selection of merger candidates throughout the various studies makes it difficult to perform direct comparisons of merger rates. To compensate for this, we perform a broad analysis, selecting merger candidates using a variety of selection methods, allowing better comparison to the merger fractions measured in these previous studies.
In this paper we combine high-resolution near-infrared HST imaging with grism spectroscopy to measure the galaxy-galaxy merger fraction in two candidate galaxy clusters at z ∼ 2 and investigate whether the merger rate is enhanced or diminished relative to the field population. In §2 we summarize our imaging and grism observations for our two clusters and field sample. §3 describes our analysis and the selection of merger candidates. §4 discusses our results and how we compare to previous studies. We assume a flat ΛCDM cosmology with Ω M = 0.3, Ω Λ = 0.7, and H 0 = 70km s −1 Mpc −1 .
NEWFIRM CLUSTER SURVEY (NCS)
2.1. XMM-LSS field : 1.6 µm bump
The NEWFIRM Cluster Survey (NCS) targeted a 28×28 portion of the XMM Large Scale Structure Survey (XMM-LSS) field using data from the Spitzer WideArea Infrared Extragalactic survey (SWIRE: Lonsdale et al. 2003 ) (see Fig. 1 ). Galaxy cluster candidates at z > 1.3 initially identified from the entire SWIRE field as overdensities of galaxies with red colors between 3.6µm and 4.5µm, indicating the peak in their star formation at 1.6µm, were subsequently targeted for follow up NEWFIRM imaging. As discussed by Papovich (2008) roughly 90% of galaxies at z > 1.3 have Spitzer/IRAC ([3.6] − [4.5]) > −0.1 mag making this an effective criterion for selecting candidate galaxy structures at high redshift. In the initial search for overdensities using the SWIRE data, candidate galaxy clusters at z > 1.3 were selected as overdensities with 30 objects with Spitzer/IRAC colors ([3.6] − [4.5]) > −0.1 mag within radii of 1.4' (Papovich 2008; Papovich et al. 2010) .
Preliminary galaxy density maps were made by counting the number of objects with ([3.6 ]−[4.5]) > −0.1 mag and r < 22.5 mag within apertures of 1.4 radii (roughly 0.7 proper Mpc at z = 1.5) across the full SWIRE field. This process successfully preselected a massive (> 10 14 M ) z = 1.62 galaxy cluster which was later confirmed spectroscopically and found to coincide with a faint, diffuse X-ray source likely originating from a hot intra-cluster medium (Papovich et al. 2010; Tanaka et al. 2010) . Within these density maps we isolated a 30×30 subregion hosting 10 candidate overdensities at/above the significance of the aforementioned confirmed galaxy cluster (> 3σ) (see Fig. 1 ). The 10 candidate overdensities were subsequently targeted for follow-up with NEWFIRM.
The two galaxy associations studied in this work (IRC0222A and IRC0222B) were initially identified as candidate high-redshift overdensities in the SWIRE XMM-LSS field. In October 2010 we targeted this subregion for near-infrared photometric observations with the NOAO Extremely Wide-Field Infrared Imager (NEWFIRM 1 ). Tables 1 and 2 provide a summary of the NEWFIRM observations and photometry. Groundbased optical imaging in the ugriz filters for this field are drawn from the CFHT Legacy Survey (CFHTLS 2 ).
Near-Infrared Imaging with CTIO/NEWFIRM
As described above, the IRC0222A/B candidate clusters are initially identified as overdensities via the 1.6µm bump technique. To further refine our cluster selec- Figure 1 . Surface density of galaxies at 1.3 < z < 2.0 in a 3
• × 2
• portion of the XMM-LSS SWIRE field using Spitzer/IRAC. The scale indicates the number of standard deviations (σ) above the mean field surface density. The area targeted by the NEWFIRM Cluster Survey, which houses the largest overdensity (> 10σ) in the XMM-LSS SWIRE field, is indicated. The NEWFIRM field includes ∼ 10 cluster candidates with significance equal to the z = 1.62 UDS cluster.
tion, we obtain near-infrared imaging with NEWFIRM. NEWFIRM has a custom set of 5 medium-bandwidth near-IR filters that provide higher spectral resolution which have been shown to improve the accuracy of photometric redshifts at z > 1 (van Dokkum et al. 2009; Whitaker et al. 2011; Bezanson et al. 2016; Straatman et al. 2016) . The NIR filters span λ=1.0-1.8µm and pinpoint the location of the 4000Å break. With NEWFIRM imaging, we are able to measure photometric redshifts with accuracies ∆z/(1 + z) 0.02 for 1.3 < z < 2.0.
Furthermore, with a 28×28 field of view NEWFIRM is able to observe the full subregion with a single pointing (see Fig. 1 ). This field was observed for 5.9, 6.3, and 8.5 hours in each of the medium-band J 1 , J 2 , and J 3 filters, 3.0 hours in the broadband H filter, and 1.9 hours in the K s filter. All NEWFIRM imaging data were reduced using the nfextern software package, a suite of standard data reduction tasks tailored specifically for the NEWFIRM observations and written in IRAF 3 . A guidebook for using nfextern can be found at the website for NEWFIRM 4 . Combining these new near-IR images with the existing optical imaging from CFHTLS we follow similar procedures as used in recent extragalactic photometric surveys (e.g., Whitaker et al. 2011; Skelton et al. 2014; Straatman et al. 2016) . Photometry is measured on PSF-matched images in fixed circular apertures of d = 3 for objects detected in the NEWFIRM K s image. We next use the SED-fitting software Easy and Accurate Redshifts from Yale (EAZY: Brammer et al. 2008 ) in order to estimate photometric redshifts for all objects.
Using the NEWFIRM photometric redshifts, we generated new galaxy density maps in each narrow (∆z=0.1) redshift slice between 1 < z < 2.5 with an overlap of dz=0.05. We determine galaxy overdensities by counting galaxies in circles with r = 1.4 across the full field of view. The near IR imaging confirms two overdensities at photometric z ≈ 1.6 and z ≈ 1.9, hereafter IRC0222A and IRC0222B, respectively. We obtain further observations of these two candidate galaxy clusters using the Hubble Space Telescope.
OBSERVATIONS & ANALYSIS

Hubble Space Telescope Observations
All near-infrared HST observations (GO proposal 12896; PI Tran) were obtained using the Wide Field Camera-3 (WFC3) where imaging is taken in three wide filters (F105W, F125W, and F160W). Table 3 summarizes the wavelength ranges, zeropoints, and exposure times for each WFC3 filter. We work with two fields of view, each centered on the galaxy cluster candidates: IRC0222A (2:22:03.5, -4:12:06.0) at z ∼ 1.9, and IRC0222B (2:22:17.3, -4:21:45 .0) at z ∼ 2.0, hereafter referred to as IRC-A and IRC-B, respectively.
Our WFC3 grism observations were reduced using the pipeline developed by the 3D-HST team (van Dokkum et al. 2011; Brammer et al. 2012; Skelton et al. 2014; Momcheva et al. 2016) . The 3D-HST pipeline provides low-resolution, spatially resolved spectra through the combination of multi-wavelength imaging with the grism spectroscopy. They also employ the use of interlacing, rather than drizzling, which provides the highest resolution imaging. Objects are identified using the multiwavelength reference images and every spectrum is extracted simultaneously to account for contamination between overlapping spectra. To analyze the WFC3 photometry, we follow the method described in Skelton et al. (2014) . We apply a number of corrections to improve the data's quality and produce the final data products: masking satellite trails, persistence correction, sky-subtraction, flat-field re-application, initial astrometric alignment, and additional cosmic ray and bad pixel rejection.
We began with Astrodrizzle, using the default parameters and changing the bit value to 8192, final_wht_type=IVM, and final_pixfrac=0.8 (Skelton et al. 2014) , with an initial run to remove cosmic rays and bad pixels. This allowed for improved alignment within Tweakreg. The initial drizzling also enabled the use of the F160W image as a reference image to improve alignment in Tweakreg. The initial run produced "cr- clean" images, indicating they were then free of most of their cosmic rays.
After the cosmic rays were removed, we used Tweakreg to align all crclean images within a given filter to a common World Coordinate System (WCS) using the F160W image as a reference for alignment. This means that the F125W and F105W images were aligned according to the coordinate information contained in the F160W header. Once aligned, the headers of all the crclean images were updated with the new coordinate information and we propagated the new coordinate information back to the original flt.fits images using Tweakback.
Using the newly updated flt.fits images, we reran Astrodrizzle to combine all the images within each filter. For this final run, we used the same parameters described earlier with the addition of final scale=0.03, to set the final pixel scale at 0.03 pixel. The resulting mosaics for the F105W, F125W, and F160W filters comprised an area of 4864 × 4308 pixels or 146 × 129 . Figure 2 shows the combined mosaics with the center of the cluster indicated by the black circle. The smaller, colored circles indicate identified merger candidates and are described in §3.3.
Photometry
For both cluster fields we use the HST/WFC3 F160W image for source detection. All ground-based optical and near-infrared images (u-Ks bands) are resampled to the pixel scale of HST imaging (0.03 /pixel). We utilize the SCAMP software (Bertin 2006) to correct for small astrometric distortions, such as offsets and rotations, among the final mosaics.
We generate point spread functions (PSFs) for each image by stacking a selection of point sources in each image. These PSFs are used to construct convolution kernels (using scikit-image in Python: van der Walt et al. (2014) ) in order to smooth all optical-NIR images to the largest PSF. Once images have been PSFmatched, photometry is extracted in fixed circular apertures (r = 1.7 ) by running Source Extractor (Bertin & Arnouts 1996) in dual-image mode using the F160W image for source detection. Figure 3 shows the accuracy of our PSF matching process.
Due to the significantly larger PSFs of Spitzer/IRAC images (∼ 2 ) we use the T-PHOT software (Merlin et al. 2015) to measure photometry. T-PHOT is designed to extract photometry from images that suffer from significant blending by making use of a higher-resolution image as a prior. Positions and morphologies of objects from the high-resolution image (in our case the F160W image) are taken from a segmentation map produced by SExtractor. Then, a low-resolution model of each object is created using a user-provided convolution kernel. These models are then fit to the low-resolution IRAC image in a simultaneous fashion, allowing the profiles of neighboring objects to overlap. Once a global solution is found T-PHOT reports the best-fit total flux for each object.
From these flux measurements we were able to obtain photometric redshifts and rest-frame colors using EAZY (Brammer et al. 2008 ). Stellar population properties (e.g. stellar masses) were estimated using the Fitting and Assessment of Synthetic Templates Soft- 
Grism Observations
We use the 3D-HST pipeline (van Dokkum et al. 2011; Brammer et al. 2012; Skelton et al. 2014; Momcheva et al. 2016) to reduce the grism observations for both cluster fields. For information on the reduction process, we refer the reader to Momcheva et al. (2016) . The observations were taken with G102 and G141 grisms on the WFC3 camera. Grisms are placed in the path of the incoming light to obtain spectra of all objects in the field of view simultaneously.
For galaxy cluster candidate IRC-A at z ∼ 1.6, we use the G102 grism in combination with the F105W filter for direct imaging. The G102 grism covers a wavelength range of 800-1150nm with a dispersion of 2.45nm/pixel. For IRC-B at z ∼ 2, we use the G141 grism and F140W filter. The G141 grism covers a range of 1075-1700nm, with a dispersion of 4.65nm/pixel. The wavelength ranges of both grisms enable us to see emissions of Hα, Hβ, [OIII] , and [OII] , elements essential in the galaxy formation process. Figure 4 shows the full interlaced grism images for both cluster candidates, each measuring 2488×2092 pixels, or 149 ×125 (0.06 /pixel scale).
WFC3 G141 & G102 Redshifts
Redshifts are measured by fitting Spectral Energy Distributions (SEDs) to the grism spectroscopy (see Brammer et al. 2012; Momcheva et al. 2016 ) and identifying spectral features including stellar continuum and emission lines. The grism spectra are matched to objects detected in the direct imaging. To determine the quality of the fits, we began with visual inspection of each grism image. Grism imaging and spectroscopy for all candidate cluster members is shown in Figures B1-B2 in the Appendix. Our primary concern is determining whether the redshift identification is clearly affected by any error in the spectrum. To quantify the accuracy of both the data quality and the redshift reliability, we assign flags to denote the level of robustness of the measurements.
The data quality (DQ) flags are used to note whether the spectra were affected by known failure modes. Common failures that affect the data's quality include: incomplete masking of 0th-order spectra that can mimic emission lines, residuals from the spectra of very bright stars that may not be subtracted properly, and instances where corrupted photometric measurements lead to errors in the spectral fit. Objects are assigned a DQ value of either "1" or "0" corresponding to "good" or "bad", respectively. In all the figures, tables, and calculations presented here, we use only DQ flag values of 1, unless otherwise noted.
Redshift quality (Q z ) flags are assigned as values of "-1" to "3" to indicate reliability of the grism measurement. Q z flags are assigned based on visual inspections of the 1D and 2D spectra, comparison to the model data, and comparison to the photometric redshift data. Objects flagged with a redshift quality (Q z ) of "3" indicate a robust grism measurement, while those with Q z of "2" are less robust, but still reasonably reliable. Q z flag values of "1" or "0" specify the lowest reliabilities and a value of "−1" indicates an object is a star.
All of the visual inspections and flag assignments described above were completed by CW, KT, LA, and IS.
GMOS
Observations of the NCS fields were taken on GMOSSouth in November 2012. The data were processed using the Gemini IRAF data reduction pipeline for GMOS, which included flat-fielding, wavelength calibration using arc lamps, and sky subtraction. At the time of our observations, the GMOS-S detectors had low quantum efficiency at λ 7000Å which limited our abilities to detect targeted lines for galaxies at z > 1.5.
In the NCS field, we measured the redshifts of 6 objects at z = 0.17, 0.32, 0.33, 0.64, and 0.80 using Hα/[NII] and [OIII]/Hβ. Four objects at z > 1 had single, unidentified emission lines. No z > 1 objects displayed multiple emission lines with which we could identify a grism redshift. Due to the non-detections of z > 1.5 galaxies and the confirmation of several low-redshift galaxies, we infer that the targeted cluster galaxies are not at z < 1.5, i.e. they are likely to be cluster members at z > 1.5.
Field Sample
Our field population is selected from the FourStar Galaxy Evolution Survey (ZFOURGE 5 ) (Straatman et al. 2016) in the COSMOS (Scoville 2007) and CDFS (Giacconi et al. 2002) fields. The ZFOURGE coverage of both COSMOS and CDFS is approximately 10 × 10 and > 10 times larger than the cluster field of view. ZFOURGE provides precise photometric redshifts (σ z ∼ 2%; Nanayakkara et al. 2016) for galaxies spanning a wide range in redshift. In this paper, we use publicly available photometric catalogs from the ZFOURGE survey prepared by Straatman et al. (2016) . Grism redshifts for COSMOS and CDFS come from the available 3D-HST catalogs (van Dokkum et al. 2011; Brammer et al. 2012; Momcheva et al. 2016) .
The COSMOS field contains at least one known cluster within our redshift range at z = 2.095 with 57 spectroscopically confirmed members (Yuan et al. 2014) . To assess the best method for removing any potential impact by the cluster on the galaxy pair fraction, we first calculated the pair fraction using the full catalog of objects, including the known cluster members. We then implemented two methods to remove cluster members: (1) Rejecting objects with redshifts within 3σ of the median redshift (z = 2.095), where σ = 0.00578 is the standard deviation of redshift within confirmed cluster members, and (2) directly removing objects flagged as known cluster members by Yuan et al. (2014) in the ZFIRE catalogs (Nanayakkara et al. 2016) .
We calculate the median pair fraction in the COSMOS field, including the cluster galaxies, for F160W ≤ 23 to be 10.3 +1.6 −1.3 %. Using method (1), we see no significant change in the pair fraction, calculated as 10.0
With method (2), we find 10.2 +1.6 −1.3 %. Though exclusion of the cluster members in the calculation of the pair fraction shows no significant effect, we choose to use method (2) to mask known members of the cluster located at z = 2.095 in COSMOS. We use only those objects who were not flagged as cluster members in Figures 6 -9 and Table 7 . Explanations of how pairs were selected can be found in §4.1 and Table 5 . 
Matched Object Catalogs
We integrate the grism results with our photometric catalogs using the Astropy's match_to_catalog_sky() routine that matches the coordinates of the objects with grism data to the objects detected in our SExtractor catalogs. We then generated a line-matched catalog containing the object's ID, grism ID, grism redshift, DQ, and Q z flag values. Many of the objects had been previously studied in the NEWFIRM Cluster Survey (NCS), a ground based photometric survey. These are identified by their "NCS ID" in the grism output catalogs.
For each of the two cluster fields, we generate four linematched catalogs: (1) a photometric catalog containing flux measurements from multiple different filters; (2) a catalog output from EAZY containing the photometric redshifts; (3) a catalog output from FAST containing the star formation histories, masses, ages, and stellar attenuations; and (4) a grism catalog containing the grism redshifts, the data quality (DQ) and redshift quality (Q z ) flags (see §3.2.1), as well as a merger flag value (see §4.1) . Our final line matched catalogs consist of 499 objects in our IRC-A field of view and 661 objects in the IRC-B field of view. Relevant information from these tables for candidate cluster members are shown in Table 8 and 9 (see §4.1.3) 3.6. Redshift Quality Control Figure 5 shows the distribution of grism redshifts within each field of view. All objects shown in Fig. 5 have DQ flag values of "1" and Q z flag values of "3" (see §3.2.1). The histograms show a galaxy overdensity in IRC-A at redshift of z ∼ 1.6 while IRC-B has galaxy overdensities at redshifts of z ∼ 0.9 and z ∼ 2.1. We define a redshift range for each candidate galaxy cluster: IRC-A (1.55 < z < 1.9) and IRC-B (1.8 < z < 2.2).
As part of our analysis, we use multiple methods to identify galaxy merger candidates (see Table 5 ). We consider only galaxies brighter than AB magnitude of 23.0 in F160W for both the cluster and field samples. Because we do not have grism redshifts for all galaxies with F160W< 23.0 mag, we define a photometric redshift window by anchoring to the existing grism redshifts. Figure 6 shows the photometric verses grism redshift comparison for objects in our master catalogs with quality flag values of DQ = 1 and Q z ≥ 2. Candidate cluster members are selected based on their grism or photometric redshifts and are indicated by filled circles (see §4.1.3). Field galaxies in our master catalogs are indicated by x's.
We calculate the redshift difference as
We calculate the NMAD scatter (σ N M AD ) as:
We find an NMAD scatter of σ N M AD = 0.169 and σ N M AD = 0.114 for IRC-A and IRC-B, respectively. Galaxies with photometric redshifts within ±2σ N M AD are used in one of our merger candidate selection methods described in §4.1.2.
4. RESULTS
Identifying Galaxy Merger Candidates
In our analysis, we compare results from three selection methods for identifying galaxy merger candidates. All selection methods require F160W≤ 23.0, angular separations 3 , and selection of galaxies based on grism or photometric redshifts. Note that our magnitude cut for our candidate clusters is slightly brighter than adopted in other studies (e.g. Lotz et al. The pair fractions measured for each of the methods described below (summarized in Table 5 ) are presented Comparison between photometric and grism redshifts in IRC-A(left) and IRC-B (right). Top: grism vs. photometric redshift for objects with recorded grism data. Bottom: ∆z/(1 + z) as a function of grism redshift with ±2σNMAD indicated by the dashed lines. All objects shown have F160W ≤ 23, data quality flag values DQ = 1, and redshift quality flag values Qz = 2 or 3. Points are sized according to their Qzvalue, with Qz = 2 represented by smaller points and Qz = 3 represented by larger points. Filled circles indicate galaxies with grism redshifts within each candidate clusters' projected redshift range (see §3.6) or photometric redshifts within 1.5 ≤ z phot ≤ 2.5 (see §4.1.3 and Table 5 ). Galaxies detected in the WFC3 imaging with grism redshifts outside the projected range are indicated by crosses. Galaxies identified as merger candidates via selection method III (see §4.1.3 and Table 5) are represented by open circles. The gray points represent our combined COSMOS and CDFS field population.
in Table 7 in the Appendix. Uncertainties are calculated assuming binomial statistics for 68% confidence intervals, following Cameron (2011).
Selection Method I
The first selection method selects galaxy pairs with photometric redshifts between 1.5 ≤ z phot ≤ 2.5; this corresponds to the broadest redshift range for candidate cluster members. This method allows for comparison of our measured pair fraction to previous studies who rely only on photometric redshifts (Lopez-Sanjuan et al. 2009 ).
Of the 499 objects in our IRC-A catalog, 27 were selected based on their photometric redshift to be cluster members. Within this sub-sample we identified 4 cluster merger candidates, giving a pair fraction of 15 +9.4 −4.4 % . In IRC-B, 29 cluster galaxies were selected based on their photometric redshift from the parent sample consisting of 661 objects. From the sub-sample of 29 galaxies, 6 were selected as cluster merger candidates, giving a pair fraction of 21
Selection method II selects galaxy pairs with grism redshifts within the candidate clusters' redshift range (1.55 ≤ z grism ≤ 1.9 in IRC-A and 1.8 ≤ z grism ≤ 2.2 in IRC-B) or photometric redshifts within 2σ N M AD of the candidate clusters' redshifts (see §3.6): 1.21 ≤ z phot ≤ 2.24 for IRC-A and 1.57 ≤ z phot ≤ 2.43 for IRC-B. This method was chosen to mimic the selection techniques in Delahaye et al. (2017) .
In IRC-A, 34 cluster galaxies were selected using method II from the parent population of 499 catalog objects. Within this sub-sample, 4 galaxies were identified as cluster merger candidates, giving a pair fraction of 12 +7.8 −3.5 % . In IRC-B, 6 cluster merger candidates were selected from a sub-sample of 32 cluster galaxies (selected using method II), resulting in a pair fraction of 19
Selection method III selects galaxy pairs with grism redshifts within the candidate cluster's range (1.55 ≤ z grism ≤ 1.9 in IRC-A and 1.8 ≤ z grism ≤ 2.2 in IRC-B) or photometric redshifts within 1.5 ≤ z phot ≤ 2.5. Galaxies that are selected based on their grism redshifts must also have a data quality flag DQ= 1 and redshift quality flag Q z ≥ 2. This ensures that we are using the most reliable grism measurements while also excluding objects that have been flagged as stars (Q z = -1).
In IRC-A, 27 cluster galaxies were selected using method III. Within this sub-sample, we identified 4 cluster merger candidates, giving a pair fraction of 14
Selection method III resulted in a sub-sample of 33 cluster galaxies in IRC-B. Within this sub-sample we identified 8 cluster merger candidates, giving a pair fraction of 24 +8.9 −5.8 . The cluster merger candidates identified using method III are highlighted in the composite mosaics of IRC-A and IRC-B in Figure 2 . Thumbnails of the cluster merger candidates identified via method III are shown in Figures 11 and 12 We choose to focus on selection method III for the remainder of our analysis because it combines the photometric redshifts with our grism data. Tables 8 and 9 list the photometry and grism redshift information for the sub-sample of cluster galaxies selected via method III for our candidate clusters IRC-A and IRC-B. We also include the grism imaging for the cluster galaxies, selected by method III, in the Appendix in Figures B1  and B2 . Note that some of the candidate cluster members are selected based on their photometric redshifts and therefore may not have available grism data. The grism images presented in the Appendix encompass all objects, with recorded grism measurements, that are selected via method III without the added constraint on the DQand Q z flags for the grism redshifts. This is to show why we chose to include the constraint on DQand Q z because, for IRC-A in particular, there are some instances where objects that had been selected as candidate cluster members based on their grism redshifts were previously flagged as stars (Q z = -1) and therefore should not be included in the calculation of the pair fraction.
Field Merger Fraction
For comparison to the field, we select merger candidates in COSMOS and CDFS using method I (selection based only on photometric redshift) and a modified version of III (selection based on photometric or grism redshift) where the grism redshift range was chosen to be 1.55 ≤ z grism ≤ 2.2, to cover the range of each of the candidate clusters. Note that the COSMOS field identifies a number of substructures between 1 < z < 3 (Scoville et al. 2013 ) that may drive the high pair fraction measured in both the corrected (see next section) and uncorrected pair fractions shown in Table 7 .
Selection method I results in a sub-sample of 800 galaxies in our combined COSMOS + CDFS field population. Within this sub-sample, we identified 60 merger candidates, giving a field pair fraction of 6.7
Method III results in a sub-sample of 888 galaxies, of which 62 were identified as merger candidates, giving a field pair fraction of 6.9 +1.4 −1.0 %(see Table 6 ). 1.8 ≤ zgrism ≤ 2.2 1.55 ≤ zgrism ≤ 2.2 DQ = 1 and Qz ≥ 2 DQ = 1 and Qz ≥ 2 or or or 1.5 ≤ z phot ≤ 2.5 1.5 ≤ z phot ≤ 2.5 1.5 ≤ z phot ≤ 2.5
Correcting for Potential Contamination
a Combined COSMOS and CDFS field population.
The pair fractions calculated in Table 7 are most likely an overestimate of the true pair fraction due to false projections. To correct for this, we calculate corrected pair fractions by randomizing the positions of selected galaxies, measuring the resulting pair fraction, and subtracting this from the original, uncorrected, fraction.
Candidate cluster galaxies are selected for grism redshifts within each cluster's redshift range and F160W magnitudes ≤ 23.0 (see selection process (III) in §4.1.3 and Table 5 ). Field galaxies are selected in a similar manner, with the grism redshift range defined to encompass the full range of both candidate clusters (see Table 5 ).
For both candidate cluster and field galaxies, we randomize the RA and DEC positions of each selected galaxy and measured the pair fraction of companions found within 3 separation. This process is repeated 1000 times. We measure the average fraction of false pairs in IRC-A and IRC-B to be 3.8 +7.1 −1.4 % and 6.6 +6.5 −2.5 %, respectively. For our COSMOS and CDFS field galaxies, we measure the average fraction of false pairs, for both fields combined, to be 2.0 +0.6 −0.4 %. Uncertainties are calculated assuming binomial statistics for 68% confidence intervals.
Corrected pair fractions for both candidate clusters, the COSMOS and CDFS field galaxies, and the combined field population are shown in Table 6 . Table  6 for selection process (III) (see §4.1.3 and Table 5 ). Unfilled markers represent the field pair fractions measurements from the studies referenced in §5.5 as well as the combined field measurement presented in this work. Filled markers represent the cluster pair fraction measurements from Delahaye et al. (2017) and this work. The dashed horizontal line for the field average represents the redshift range the field pair fraction spans. Note that for our candidate cluster and field populations the same selection method was used in each, allowing for more accurate comparison.
the merger or pair fractions from 5 previous field studies. These are discussed in more detail in the next section.
Compared to the pair statistics and morphological studies shown in to those presented here, we see a higher pair fraction within the two candidate clusters than what is measured in the field populations. We also find that the merger fraction within the candidate clusters is consistently higher than that of the field population. Correcting for the false pair contamination we calculate the corrected pair fractions (shown in Table 6 ) of IRC-A and IRC-B to be 11 +8.2 −3.2 and 18 +7.8 −4.5 , respectively. The corrected pair fraction for our combined field population is 5.0 +1.1 −0.8 %. With the corrected pair fractions, we still see a higher fraction in the candidate clusters than the field population.
Observed and Rest-Frame Colors
Using the WFC3 imaging, we show the observed F125W and F160W color magnitude diagrams for IRC-A and IRC-B in Fig. 8 . The objects in each cluster field are separated into candidate cluster members and mergers. We include the COSMOS field sample, over all redshift, for comparison. COSMOS and photometry is taken from the zFOURGE photometric catalogs (Straatman et al. 2016) . Candidate cluster members tend have redder (F125W-F160W) colors compared to the general field population.
To assess the rest-frame colors we also generate UVJ diagrams, shown in Figure 9 . When considering candidate cluster member, we find that ∼ 82% in IRC-A and ∼ 52% in IRC-B are quiescent. We also see that of the candidate cluster members identified as mergers, 100% in IRC-A are quiescent while only 50% in IRC-B are quiescent.
Simulations indicate that galaxy-galaxy merging enhances star formation ( We find that in IRC-A, the merger candidates are redder than the field population and show no evidence of on-going star formation,in good agreement with the findings in Lotz et al. (2013) . However in IRC-B only about half of the merger candidates are quiescent. Our findings imply that, depending on the dynamical state of the system, a cluster can be dominated by red mergers. However, given our limited sample, more clusters are needed.
Spatial Distribution of Merger Candidates
If galaxies in over-dense environments quench their star formation earlier than their field counterparts, galaxy-galaxy mergers in cluster cores may be redder than in the field (van Dokkum et al. 1999; Tran et al. 2005) . Whether this is true at z > 1, when galaxy clusters are even rarer and dynamically younger, is unknown. Figure 10 shows the spatial distributions of the candidate cluster members and those identified as mergers for both IRC-A and IRC-B, with the cluster's center indicated by a 30 radius circle. We hypothesize that IRC-A at z ∼ 1.6 is a more evolved cluster, with candidate members identified as mergers (see Table 8 ) located within the cluster's core. In comparison, IRC-B is a less evolved cluster (z ∼ 2) where all of its merger candidates are located beyond a projected cluster radius of 30 . In IRC-B, the merger candidates are most likely embedded in subclumps that will merge with the cluster's core (van Dokkum et al. 1999) . We thus infer from our study that quenching of star formation in the cluster members occurs before galaxy-galaxy merging. However, more clusters are needed at this epoch to further strengthen our results.
Are these robust galaxy clusters?
Analogs to Spectroscopically Confirmed Galaxy
Clusters at z ∼ 2 Figure 10 . Spatial distribution of galaxies in the candidate clusters IRC-A and IRC-B. Filled circles indicate candidate cluster members. Objects identified as merger candidates are represented by open circles. Grey points represent field galaxies detected in each WFC3 field of view. The black circle is centered on the candidate cluster's coordinates, with a radius of 30 . Refer to the caption in Figure 8 for explanation of symbols.
IRC-A was identified using the same method from Papovich et al. (2010) where a cluster at z = 1.62 was first identified in the UDS field with the 1.6µm bump technique (see §2.1). For the UDS cluster, follow-up ground-based spectroscopy confirmed the galaxy cluster's redshift (Tran et al. 2015) . Likewise, IRC-A was first identified using the SWIRE observations that identified a galaxy overdensity at > 10σ relative to the field. Follow-up medium-band imaging from NEWFIRM to track spectral features such as the D4000 break confirm a cluster redshift of z ∼ 1.6 which is consistent with our grism results.
IRC-B also was initially identified using the 1.6µm technique as an overdensity with a surface density > 10σ above the field. From our NEWFIRM imaging, we determine a photometric redshift of z ∼ 2. We note that our approach mirrors that of (Spitler et al. 2012 ) who identified a galaxy cluster at z ∼ 2 in the the COS-MOS field from similar near-infrared imaging taken with the Four-Star camera on Magellan. The COSMOS cluster redshift was then confirmed with spectroscopy from Keck/MOSFIRE to be z spec = 2.1 Yuan et al. (2014).
Testing for Random Projections
To test if the galaxies we associate with our cluster candidates are chance projections, we use the ZFOURGE catalogs of field galaxies in CDFS and COS-MOS (see §3.4). We randomly place apertures the size of our WFC3 footprint and select galaxies that satisfy our selection method III (see §4.1 and Table 5 ). Using 100,000 realizations, we find that on average, only ∼ 2% of the field galaxies satisfy our selection criteria with method III. In comparison, the fraction of galaxies selected using method III in both the IRC-A and IRC-B WFC3 catalogs is ∼ 5%. Thus we are confident that both cluster candidates are true overdensities at z ∼ 2. We refer the reader to Appendix §A and Table 10 for further details of our randomization test.
Predictions from IllustrisTNG
Cosmological simulations are extremely useful in predicting the number density of an object with respect to the survey volume and redshift coverage. We use ∼ (300 Mpc) 3 volume simulations from IllustrisTNG (TNG300; Pillepich et al. 2017; Nelson et al. 2017) to estimate the number of galaxy clusters in the XMM-LSS field-of-view (FOV) between 1.3 < z < 2.0. The number density of galaxy clusters with halo masses greater than 10 13.5 M at redshift z = 1.3 in TNG300 is 4510 Gpc −3 . The comoving volume of our XMM-LSS observations is 0.08 Gpc 3 , which corresponds to about 360 galaxy clusters within the FOV assuming the same number density of galaxy clusters in the universe as TNG300. Thus we are confident that the existence and discovery of two galaxy clusters, IRC-A and IRC-B, in the XMM-LSS observations is highly probable.
Comparison to Previous Studies
The ability to compare the measurements we report here to previous studies is complicated by the fact that different studies use different methods of selecting merger candidates. Here we discuss the similarities and differences in merger selection criteria between the studies presented in Fig. 7 and our work.
The studies referenced in Fig. 7 all use a stellar mass cut at logM * > 10M . Although we apply no mass constraint, all of the merger candidates used in the calculation of our pair fractions have masses logM * > 10M . Note that the pair fractions presented in Fig. 7 for Lotz et al. (2008) We refer the reader to Lotz et al. (2011) for a more in-depth explanation of each study referenced in Fig.7 . Here we provide brief descriptions of each of these studies.
Field Merger Candidates Identified via Morphology
• Lotz08 selects merger candidates via G − M 20 between redshift 0.2 < z < 1.2 in AEGIS (Davis et al. 2006) by defining a parent sample selected based on luminosity (with the assumption of pure luminosity evolution). Their merger candidates consist of close pairs and morphologically disturbed galaxies selected using either spectroscopic or photometric redshifts (about 60% of the parent sample has spectroscopic redshifts while the reminaing 40% have photometric redshifts). They find that the merger fraction remains roughly constant for this redshift range.
• Con09 measured merger fractions by selecting merger candidates based on the calculated assymmetry from COSMOS, GEMS (Rix et al. 2004) , GOODS (Giavalisco et al. 2004) , and AEGIS for 0.2 < z < 1.2. Redshift selection is done using photometric or spectroscopic, but it is unclear what percentage of their sample is based on spectroscopic vs photometric selection.
• LS09 measured the merger fraction in SPITZER/IRAC selected objects of GOODS-S using morphological asymmetry and distortions for z ≤ 1.3. Merger candidates are selected from either luminosity or stellar mass selected samples and use only photometric redshifts.
• Del17 measured the merger fraction in 4 clusters (1.59 < z < 1.71) as well as the UDS field. Merger candidates were selected using both spectroscopic and photometric (when no spectroscopic measurements available) redshifts as well as stellar mass and magnitude limits. UDS merger candidates were selected in the range 1.55 < z < 1.75. Candidates were identified via either close pair statistics or visual disturbance.
Field Merger Candidates Identified via Projected Separation
Bundy09 and dR09 both provide mass selected pair fractions with 4:1 mass ratios and projected separations of 5 kpc h −1 < R proj < 20 kpc h −1 and R proj < 100 kpc h −1 , respectively. Note that our selection criteria of a separation less than 3" corresponds to a projected separation of R proj < 25 kpc h −1 .
• dr09 measured the close pair fraction of galaxies in the VMOS VLT Deep Survey (Le Fèvre et al. 2005 ) to z ∼ 1. Merger candidates are selected based on spectroscopic redshift from either luminosity or stellar mass selected samples. The merger fractions of ∼ 12−25% are among the highest of all the comparison studies. However, they use R proj < 100 kpc h −1 compared to our criterion of R proj < 25 kpc h −1 .
• Bundy09 measured the close pair fraction of galaxies in GOODS. Merger candidates are selected using either spectroscopic or photometric (when no spectroscopic measurement available) redshift from K s -selected catalogs. The merger fraction of 5% is consistent with our field measurement.
Our Study in Context
Our study is set apart by the combination of the area covered, the quality of the photometric redshifts, and the high resolution HST imaging. In particular, the inclusion of the ZFOURGE catalogs provides a more statistically robust measurement of the field merger fraction relative to other studies at z ∼ 2.
We measure the field merger fraction at z ∼ 2 to be roughly half what Lotz et al. (2008) reports. However, this is likely due to the different selection methods for identify merger candidates: our study relies solely on close pair identification while Lotz et al. (2008) uses morphologically disturbed galaxies and includes systems fainter than our magnitude limit of F 160W ≤ 23.0.
Del17 uses merger candidate selection methods that are most similar to our selection method (III) (see §4.1 and Table 5 ): they also select merger candidates based on magnitude and both photometric and spectroscopic redshifts. Our measurement for the pair fraction in IRC-A (z ∼ 1.6) is consistent with the total cluster pair fraction presented in Del17. In contrast, our measurement of the pair fraction in the field population is roughly five times lower than Del17.
We note that all of our selection methods to identify mergers for both the candidate galaxy clusters and the combined field population yield similar results. Thus we are confident that the relative fraction of mergers in the clusters is higher than that of the field at z ∼ 2.
SUMMARY
We measure the galaxy merger fractions in two cluster candidates initially identified as overdensities using the 1.6µm bump technique ( §2.1). Follow up with near-IR medium-band imaging from NEWFIRM provides more precise photometric redshifts (dz ∼ 0.05) that indicates these two galaxy cluster candidates to be z ∼ 1.6 and z ∼ 2. Additional Gemini/MOS observations and the grism observations presented in this study are consistent with both cluster candidates being at z ∼ 2.
Using a combination of high-resolution HST imaging with grism spectroscopy, we identify galaxy merger candidates in IRC-A at 1.55 ≤ z grism ≤ 1.9 and in IRC-B at 1.8 ≤ z grism ≤ 2.2. By implementing a magnitude cut at F 160W ≤ 23.0, a pair separation of ≤ 3", and various photometric and/or grism redshift ranges, we measure the fraction of galaxy-galaxy mergers in both candidate clusters. We compare our results to a control fraction measured in the COSMOS and CDFS fields selected using the same methods. The different selection methods applied to both the candidate clusters and field populations yield similar results for the measured pair fractions.
To determine whether our merger fractions were affected by chance projections, we performed a randomization test on both the candidate cluster and field populations. This consists of randomizing the RA and DEC positions of each galaxy selected using method (III) (see §4.1 and Table 5 ) and measuring the fraction of pairs found to be within 3 separation. This process is repeated 1000 times and the average pair fraction from all iterations is subtracted from the original pair fraction (listed in Table 7 ). Correcting for false projections, we find corrected merger fractions of 11 −0.6 %, respectively, giving us an average corrected merger fraction for the combined field population of 5.0 +1.1 −0.8 %. Overall, we find that the galaxy-galaxy merger fraction in the candidate clusters is enhanced compared to the field population, even when correcting for chance projections. Our results of an increase in the galaxy pair fraction with increasing redshift is consistent with overall field studies (Lotz et al. 2008; Conselice et al. 2009; Lopez-Sanjuan et al. 2009; Bundy et al. 2009; de Ravel et al. 2009 ).
Although some studies (Delahaye et al. 2017 ) report little to no increase in the pair fraction in clusters with respect to the field, we note that our merger fractions in the clusters (∼ 11 − 13%) are comparable to their measurements. We hypothesize that the discrepancy is due to differences in measurements of the field merger fraction at z ∼ 2. Our combination of precision photometric redshifts from ZFOURGE over a larger cosmic volume relative to existing studies finds a field merger fraction of ∼ 5% at this epoch. Our results are in good agreement with studies that report higher pair fractions in cluster environments in comparison to the field population (Lotz et al. 2013; Coogan et al. 2018; Hine et al. 2016) .
We find no conclusive evidence of enhanced star formation in merging galaxies within the candidate clusters with respect to the field. However, our findings imply that the dominance of quiescent mergers could be attributed to the dynamical state of the cluster. In IRC-A, at z ∼ 1.6, all candidate cluster members identified as mergers are quiescent (as identified using the UVJ diagram in Figure 9 ) and, from the spatial distributions in Figure 10 , are located within the cluster's core. We therefore hypothesize that IRC-A is likely a more evolved cluster. IRC-B, at z ∼ 2, is a less evolved cluster, with only ∼ 52% of candidate cluster members identified as mergers being quiescent, and all located outside the core. The differences in the spatial distributions and star forming populations of IRC-A and IRC-B supports the picture where evolution in clusters begins to separate at z ∼ 2, postulated by other studies (Brodwin et al. 2013; Tran et al. 2015; Kawinwanichakij et al. 2017; Papovich et al. 2018 ).
The differences in the various methods of identifying merger candidates throughout previous studies (LopezSanjuan et al. 2009; Man et al. 2012 Man et al. , 2016 Conselice et al. 2009; Williams et al. 2011; Tran et al. 2008; de Ravel et al. 2009; Lotz et al. 2008 Lotz et al. , 2013 Bundy et al. 2009; Delahaye et al. 2017 ) presents a difficult challenge for direct comparison of merger fractions. The advantage to our study is our use of similar selection processes for both candidate clusters and the COSMOS field population, therefore our relative comparison of the candidate clusters' pair fractions with respect to the field is robust. However, given our limited statistics, more observations are need. Table 7 . Galaxy-galaxy merger fractions for IRC-A, IRC-B, COSMOS, and CDFS for different selection processes (see Table  5 Table 5 b Masked to exclude confirmed members of z = 1.62 cluster (Yuan et al. 2014 ).
c Combined COSMOS and CDFS populations Figure 11 . Thumbnails of the mergers candidates in IRC-A selected using Selection Method III ( §4.1.3 and used in the calculation of the merger fractions shown in Table 7 . Thumbnails were created by stacking each of the F160W, F125W, and F105W filters to create an RGB image with a 0.03 /pix scale, resulting in a 5 ×5 snapshot of the merger candidates. f DQand Qzvalues refer to flags assigned to note quality of data and reliability of grism redshift measurement (see §3.6).
g A merger flag value of "1" denotes galaxies identified as merger candidates used in the calculation of the pair fractions listed in Table 7 . f DQand Qzvalues refer to flags assigned to note quality of data and reliability of grism redshift measurement (see §3.6).
g A merger flag value of "1" denotes galaxies identified as merger candidates used in the calculation of the pair fractions listed in Table 7 .
APPENDIX
A. PROBABILITY OF RANDOMLY FINDING ASSOCIATION OF GALAXIES IN IRC, COSMOS, AND CDFS FIELDS OF VIEW
We performed a randomization test to check whether or not we would be able to find an association of galaxies that satisfy the our selection method III (see §4.1 and Table 5 ) in order to see whether the group of galaxies we associate with our candidate clusters is a chance occurrence.
We choose 10'×10' areas in our COSMOS and CDFS zFOURGE (with scales of 0.15 /pixel) fields to create a square area with well defined edges. We then randomly define a 2.5'×2.5' search area to simulate the footprint of our HST fields of view. Within these 2.5'×2.5' search areas we determine the number of galaxies that satisfy our selection criteria for COSMOS and CDFS, i.e. F160W ≤ 23.0, 1.55 ≤ z grism ≤ 2.2, and 1.5 ≤ z phot ≤ 2.5. (see §4.1 and Table  5 ). Table 10 shows the results of this randomization test for 100,000 iteration. Probability of finding an assosication of galaxies in redshift space that satisfy our cluster selection method is ∼ 2% in the field.
For comparison, applying the same methods to our candidate cluster catalogs, we find the fraction of galaxies satisfying this selection criteria is ∼ 5%. This strengthens our case that IRC-A and IRC-B are robust cluster candidates. Table 10 . Probability of finding galaxies within search area the size of HST field of view (2.5x2.5') within COSMOS and CDFS zFOURGE fields (10x10') that satisfy redshift and magnitude limits of selection method (III) (see §4.1 and Table 5 ). Figure B1 . 2D and 1D grism spectra for IRC-A candidate cluster members selected using method III (see §4.1.3). The red curve represents the best-fit of the 1D grism spectra. The orange line denotes the redshifted 4000Å line. Galaxies are ordered according to the value of the redshift quality flag (Qz) value, with Qz= 3 indicating the most robust grism measurement and Qz= 1 or 0 being the least reliable. Note that some objects shown here may not have been used in the calculation of the pair fraction, but are included for completeness (see §4.1.3). Figure B2 . Continued on next page. Figure B2 . 2D and 1D grism spectra for IRC-B candidate cluster members selected using method III (see §4.1.3). The red curve represents the best-fit of the 1D grism spectra. The orange line denotes the redshifted 4000Å line. Galaxies are ordered according to the value of the redshift quality flag (Qz) value, with Qz= 3 indicating the most robust grism measurement and Qz= 1 or 0 being the least reliable. Note that some objects shown here may not have been used in the calculation of the pair fraction, but are included for completeness (see §4.1.3).
